Introduction {#s0005}
============

Pancreatic cancer is the fourth leading cause of cancer-related death in the USA. In contrast to the declining mortality from breast and lung cancer, the mortality from pancreatic cancer increased 0.3% per year from 2011 to 2015 [@b0005], [@b0010], and the 5-year survival rate is only 9% [@b0005]. The poor outcomes of pancreatic cancer have been attributed to that this disease is resistant to chemoradiation [@b0015]. Thus, the exploration of novel targets for the treatment of pancreatic cancer is urgently needed.

Immune cells are essential cell types involved in the pancreatic tumor, and several studies demonstrate that targeting immune cells is a promising treatment for cancers [@b0020], [@b0025]. For example, previous studies suggested that the immune checkpoint inhibitor drugs, which target programmed cell death-1 (PD1) or its ligand PD-L1, have successfully improved the survival of patients with hematological malignancies [@b0030], [@b0035], [@b0040] or patients with solid cancers [@b0045], [@b0050], [@b0055]. However, the PD-L1 antibody, BMS-956559, failed to result in an objective response in pancreatic cancer patients [@b0060]. This suggests that targeting the immune checkpoint may not always benefit patients, and the identification of novel therapeutic targets for immunotherapy of pancreatic cancer is necessary.

Thus, in this study, we evaluated the levels of immune cells in pancreatic ductal adenocarcinoma (PDAC) and *para*-PDAC tissues using the Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT), a robust algorithm that can accurately calculate the levels of 22 human immune cell phenotypes [@b0065], and determined the immune cells which affect the survival of patients. In addition, we evaluated whether the classical signaling pathways of immune reactions were involved in the infiltration of immune cells. This could help us to understand the details of the immunological microenvironment and provide potential targets for the diagnosis and treatment of pancreatic cancer.

Materials and methods {#s0010}
=====================

Gene expression profiles of PDAC {#s0015}
--------------------------------

A systematic search was performed to obtain the gene expression profiles of PDAC. The search, "pancreatic ductal adenocarcinoma OR PDAC", was conducted in several public databases, such as the Gene Expression Omnibus (GEO, <https://www.ncbi.nlm.nih.gov/geo/>), The Cancer Genome Atlas Program (TCGA, <https://portal.gdc.cancer.gov/>), the International Cancer Genome Consortium (ICGC, <https://icgc.org/>) Data Portal, the ArrayExpress Data Warehouse (<https://www.ebi.ac.uk/arrayexpress/>), and the cBioPortal for Cancer Genomics (<http://www.cbioportal.org/>). As indicated in [Fig. 1](#f0005){ref-type="fig"}, 364 series were excluded according to the following exclusion criteria: (1) the sample sizes of the series were 40 or fewer; (2) data were obtained from cells, not tissues; and (3) the data were related to microRNA, lncRNA, or DNA, not mRNA. In addition, series for which the survival information of the patients was unavailable were also excluded from further analysis.

Evaluating immune cell infiltration by CIBERSORT {#s0020}
------------------------------------------------

Eight series from GEO (GSE102238, GSE21501, GSE28735, GSE57495, GSE62452, GSE71729, GSE78229, and GSE85916), two series from ICGC (ICGC-AU and ICGC-CA), two series from ArrayExpress (E-MTAB-6134 and MTAB 2780), one series from cBioportal-qcmg and one series from TCGA were included in this study. Finally, immune cell infiltrations of 1700 patients were estimated by CIBERSORT (<https://cibersort.stanford.edu/>) [@b0065], a free and robust algorithm for calculating the cellular composition of a tissue. The LM22 (22 immune cell types) was used as a reference gene expression signature. The immune cell composition analyses were performed with 100 permutations using the default parameters. A total of 662 cases were excluded from further analysis because the *P*-value determined by CIBERSORT was greater than 0.05 [@b0070]. Subsequently, duplicated samples (N = 41) in the GSE78229 and GSE62452 series, as well as samples (N = 118) that failed to provide survival information, were excluded, and thus a total of 879 samples were included for further analysis.

We used 45 paired samples of a *para*-tumor and a tumor to evaluate the predictive value of immune cell infiltration, and 830 samples (41 paired tumors and 789 non-paired tumors) were used to investigate the prognostic significance of immune cell infiltration ([Fig. 1](#f0005){ref-type="fig"}). These samples were randomly enrolled in either the training cohort or the validation cohort ([Fig. 1](#f0005){ref-type="fig"}) using the R Project for Statistical Computing (R version 3.6.1) and the 'sampling' package.Fig. 1**Flowchart of the study.** GEO: Gene Expression Omnibus (<https://www.ncbi.nlm.nih.gov/geo/>). TCGA: The Cancer Genome Atlas Program (<https://portal.gdc.cancer.gov/>). ICGC: International Cancer Genome Consortium Data Portal (<https://icgc.org/>). ArrayExpress: ArrayExpress Data Warehouse (<https://www.ebi.ac.uk/arrayexpress/>). cBioPortal: cBioPortal for Cancer Genomics (<http://www.cbioportal.org/>).

Statistical analysis {#s0025}
--------------------

The percentage of immune cells in each tissue ([Fig. 2](#f0010){ref-type="fig"}A) was presented in histograms using R project and the Package 'ggplot2′. In addition, a box plot and a Wilcoxon test ([Fig. 2](#f0010){ref-type="fig"}B) were used to determine the statistical significance of the differences in immune cells between *para*-tumor and tumor tissues.Fig. 2**The levels of immune cells in PDAC tissues and *para*-PDAC tissues.** Two GEO series, GSE62452 (N = 22 pairs) and GSE28735 (N = 23 pairs), were used to evaluate the pattern of immune cell infiltration between PDAC tissue and *para*-tumor tissue (A). The levels of M0 macrophages (M0) and activated dendritic cells (ADCs) in tumor tissues were significantly high than that in *para*-tumor tissues. However, the level of naive B cells was significantly reduced (B). The multiple logistic regression demonstrated M0 and ADC were the independent predictors of PDAC and a predictive score was determined by M0 and ADC (C). The ROC curve suggested that M0 in combination with ADC could significantly distinct PDAC from non-PDAC (D). Wilcoxon test and *P* \< 0.05 indicates significantly difference for [Fig. 2](#f0010){ref-type="fig"}B.

To determine the markers for predicting PDAC, 31 paired samples were randomly split and assigned to the training cohort, and binary logistic regression was performed ([Fig. 2](#f0010){ref-type="fig"}C). The results were internally validated by 1000-fold bootstrapping with the help of SPSS 19.0 (IBM, New York, USA) [@b0075]. Subsequently, the predictive score for each individual was calculated by the coefficients of each variable ([Fig. 2](#f0010){ref-type="fig"}C), and the following formula was used to determine the score: Probability = exp (predictive score) / \[1 + exp (predictive score)\] [@b0080]. The receiver operating characteristic (ROC) curve and the area under the curve (AUC) were drawn to evaluate the predictive performance of this score ([Fig. 2](#f0010){ref-type="fig"}D) [@b0085]. In addition, to validate the predictive performance of the immune cells, a ROC curve was developed for the validation cohort ([Fig. 2](#f0010){ref-type="fig"}E).

To determine the prognostic significance of immune cells, a univariate Cox proportional-hazards model was constructed ([Fig. 3](#f0015){ref-type="fig"}), and the variables that significantly influenced the survival of patients were then used to develop a multivariable Cox proportional-hazards model. The Schoenfeld residual test was performed to evaluate the assumptions of the multivariable Cox proportional-hazards model ([Fig. 4](#f0020){ref-type="fig"} and [Fig. 5](#f0025){ref-type="fig"}A) [@b0090].Fig. 3**The univariate cox proportional hazards regression model of immune cell infiltration.** In the training cohort, we observed that Naive B cells, regulatory T cells, resting mast cells, and memory resting CD4 T cells significantly decreased the hazard ratio for death. However, M0 macrophages, gamma delta T cells and naive CD4 T cells significantly increased the hazard ratio for death. \* indicates *P* ＜ 0.05, \*\* indicates *P* ＜ 0.01. \*\*\*indicates *P* ＜ 0.001.Fig. 4**Evaluating the proportional hazards assumption of multiple Cox regression.** The schoenfeld residual of naive B cells (A), regulatory T cells (B), resting mast cells (C), memory resting CD4 T cells (D), M0 macrophages (E), gamma delta T cells (F), and naive CD4 T cells (G) were not dependent on the time. This suggests that the assumption of multiple Cox regression is satisfied.Fig. 5**Development and validation of immune score for diagnosis of PDAC.** The multiple cox proportional hazards regression suggested that M0 macrophages, naive CD4 T cells and gamma delta T cells were independent risk factors of survival, and an immune score was developed based on these variables (A). The optimal cut-off of this index was 0.4, which was determined by X-title (B and C). The Kaplan-Meier curve and log-rank test suggested that the survival of patients with an immune score no greater than 0.4 was significantly longer than the survival of those with an immune score greater than 0.4 in training cohort (D), validation cohort (E), and the entire cohort (F). In addition, and the relapse-free survival (RFS) time of patients whose immune score was no greater than 0.4 was longer than that of patients with an immune score greater than 0.4 (G). The prognostic power of immune score was significantly superior to the TNM stage in both the training cohort and the validation cohort (H).

The optimal cutoff of the immune score was determined with the help of X-title [@b0095]. The X-tile program divided the patients into a training set (upper-left quartile of [Fig. 5](#f0025){ref-type="fig"}B) and a validation set (the small long strip on the bottom of [Fig. 5](#f0025){ref-type="fig"}B), and the optimal cut-point (black dot) occurs at the brightest pixel (red) in the region of the validation set [@b0095]. In addition, a plot of χ^2^ log-rank indicates the correlation between the cutoff point and survival ([Fig. 5](#f0025){ref-type="fig"}B). Red coloration suggests an inverse correlation between the cutoff and survival, while green coloration indicates a direct association. The histogram ([Fig. 5](#f0025){ref-type="fig"}C) shows that the optimal cutoff was used to divide patients into a short and a long survival group.

To evaluate the prognostic performance of the immune cell infiltration, we calculated Kaplan-Meier curves and log-rank tests ([Fig. 5](#f0025){ref-type="fig"}D-5G). Harrell's concordance index (C-index) was used to investigate if the immune score was superior to the TNM stage in predicting the survival of patients ([Fig. 5](#f0025){ref-type="fig"}H). In addition, in order to explore the functional biomarkers that might be related to the changes in the immunological tumor microenvironment between patients with higher and lower immune scores, gene set enrichment analysis (GSEA) was performed with the GSEA Desktop v4.0.3 (1,000 permutations) using the TCGA samples [@b0100]. The functional gene set files "c5.all.v6.2.symbols.gmt" were used to summarize and elucidate specific and well-defined biological processes or molecular functions.

Results {#s0030}
=======

Immune cell infiltration between PDAC tissues and para-PDAC tissues {#s0035}
-------------------------------------------------------------------

We observed that the levels of M0 macrophages and activated dendritic cells in PDAC were significantly (*P* = 0.010 and *P* \< 0.0001, respectively) higher than in *para*-PDAC. However, compared with *para*-PDAC, the level of naive B cells in PDAC was significantly (*P \<* 0.0001, [Fig. 2](#f0010){ref-type="fig"}B) decreased. There were no significant differences between PDAC and *para*-PDAC in regard to the levels of other immune cells.

To evaluate if M0 macrophages, activated dendritic cells and naive B cells were independent predictors of PDAC, we performed logistic regression (enter method), and it was internally validated by 1000-fold bootstrapping. We observed that M0 macrophages and activated dendritic cells were both independent factors that could be used to distinguish PDAC from *para*-PDAC ([Fig. 2](#f0010){ref-type="fig"}C).

In order to evaluate the discriminatory ability of M0 macrophages and activated dendritic cells for PDAC, a predictive score was determined by the following formula: Predictive score = 18.477 × M0 macrophages + 22.467 × activated dendritic cells -- 2.498, and ROC curves were generated for the training ([Fig. 2](#f0010){ref-type="fig"}D) and the validation cohort ([Fig. 2](#f0010){ref-type="fig"}E). We observed that the AUCs were 0.865 (95% CI: 0.775--0.955, *P* \< 0.001) and 0.837 (95% CI: 0.685--0.988, *P* = 0.002), respectively. This suggests that the M0 macrophages and the activated dendritic cells have an acceptable discriminatory ability for predicting PDAC.

Prognostic significance of immune cells for PDAC {#s0040}
------------------------------------------------

To evaluate the prognostic significance of tumor infiltrating immune cells, 830 PDAC samples were randomly divided into a training cohort (N = 581) and a validation cohort (N = 249). Subsequently, a univariate Cox proportional-hazards model was constructed for the training cohort ([Fig. 3](#f0015){ref-type="fig"}). We observed that the presence of naive B cells (*P* = 0.008), regulatory T cells (*P* = 0.003), resting mast cells (*P* = 0.003), and memory resting CD4 T cells (*P* = 0.043) were significantly correlated with a decreased risk of death. However, the presence of M0 macrophages (*P* = 0.002), gamma delta T cells (*P* \< 0.001), and naive CD4 T cells (*P* \< 0.001) were significantly correlated with an increased risk of death.

The Schoenfeld residual test indicated that these variables are independent of time ([Fig. 4](#f0020){ref-type="fig"}). This suggests that the assumptions of the multivariate Cox proportional-hazards model are satisfied. We constructed a multivariate Cox regression model (Forward: LR) and determined that only M0 macrophages, gamma delta T cells, and naive CD4 T cells were independent predictors of survival ([Fig. 5](#f0025){ref-type="fig"}A). The immune score of each patient was determined by the following formula: Immune score = 1.400 × M0 macrophages + 4.007 × gamma delta T cells + 5.426 × naive CD4 T cells. The optimal cutoff of the immune score (cutoff value = 0.4) was determined by X-tile ([Fig. 5](#f0025){ref-type="fig"}B and 5C). To evaluate the performance of the immune score, Kaplan-Meier curves were constructed for the training cohort ([Fig. 5](#f0025){ref-type="fig"}D), the validation cohort ([Fig. 5](#f0025){ref-type="fig"}E), and the entire cohort ([Fig. 5](#f0025){ref-type="fig"}F). We observed that the Kaplan-Meier curves were significantly distinct, and the survival of patients with an immune score no greater than 0.4 was significantly longer than the survival of those with an immune score greater than 0.4 (*P* \< 0.05, [Fig. 5](#f0025){ref-type="fig"}D-F). In addition, we obtained the relapse-free survival time from the TCGA series (N = 104) and constructed Kaplan-Meier curves. Again, we observed that the Kaplan-Meier curves were clearly separated, and the relapse-free survival time of patients whose immune score was no greater than 0.4 was longer than that of patients with an immune score greater than 0.4 ([Fig. 5](#f0025){ref-type="fig"}G). Moreover, in order to compare the prognostic significance of the TNM stage and the immune score, we calculated Harrell's concordance index. We observed that the immune score was significantly superior to the TNM stage in both the training cohort and the validation cohort ([Fig. 5](#f0025){ref-type="fig"}H).

Utilizing GSEA to identify potential targets for regulating immune cells {#s0045}
------------------------------------------------------------------------

To identify the genes that might be involved in regulation of the immunological microenvironment, the individuals from the TCGA database were divided into two groups, the immune score ≤ 0.4 group (N = 96) and the immune score \>0.4 group (N = 26), and GSEA was performed. We observed that the biological processes related to cell chemotaxis ([Fig. 6](#f0030){ref-type="fig"}A), leukocyte chemotaxis ([Fig. 6](#f0030){ref-type="fig"}B), and chemokine mediated signaling pathways ([Fig. 6](#f0030){ref-type="fig"}C) were inactivated in patients with immune score \>0.4. We, therefore, evaluated the expression of chemotactic factors at the transcription level. We observed that the expression of *chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10, CXCL11, CXCL13, chemokine (C-C motif) ligand 15 (CCL15), CCL17*, *chemokine (C-X-C motif) receptor 2 (CXCR2)*, and *CXCR6* were significantly decreased in patients with an immune score \>0.4 ([Fig. 6](#f0030){ref-type="fig"}D). In addition, these patients also had a low enrichment score for the following biological processes, such as activation of immune response ([Fig. 6](#f0030){ref-type="fig"}E), immune response regulating cell surface receptor signaling pathway ([Fig. 6](#f0030){ref-type="fig"}F), antigen receptor mediated signaling pathway ([Fig. 6](#f0030){ref-type="fig"}G), natural killer cell activation ([Fig. 6](#f0030){ref-type="fig"}H), and dendritic cell migration ([Fig. 6](#f0030){ref-type="fig"}I). In addition, the molecular function of cytokine receptor activity ([Fig. 6](#f0030){ref-type="fig"}J) was also deficient in these patients.Fig. 6**Gene set enrichment analysis (GSEA) of PDAC with different immune score.** 122 samples from TCGA were divided into two groups, the immune score ≤ 0.4 group (N = 96) and the immune score greater than 0.4 group (N = 26). PDAC patients with immune score \>0.4 have a low enrichment score for the following biological processes of cell chemotaxis (A), leukocyte chemotaxis (B) and chemokine mediated signaling pathways (C). The expression levels of *chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10, CXCL11, CXCL13, chemokine (C-C motif) ligand 15 (CCL15), CCL17*, *chemokine (C-X-C motif) receptor 2 (CXCR2)*, and *CXCR6* were significantly decreased in patients with an immune score \>0.4, \* indicates *P* ＜ 0.05 , \*\* indicates *P* ＜ 0.01. \*\*\*indicates *P* ＜ 0.001 (D). PDAC patients with immune score \>0.4 have a low enrichment score for the following biological processes of activation of immune response (E), immune response regulating cell surface receptor signaling pathway (F), antigen receptor mediated signaling pathway (G), natural killer cell activation (H), dendritic cell migration (I) and the molecular function of cytokine receptor activity (J).

Discussion {#s0050}
==========

It is well known that pancreatic cancer cells are surrounded by an abundant stromal microenvironment, which is composed of several non-cancer cells, such as immune cells, endothelial cells, and cancer-associated fibroblasts [@b0105], [@b0110]. Notably, the tumor-associated macrophages (TAMs), recruited by pancreatic carcinoma cells via the CCL2-CCR2 chemokine axis, are the most frequent infiltrated immune cells. Based on the polarization states, TAMs can be divided into three types: inactivated macrophages (M0 macrophage), classically (M1) or alternatively (M2) activated macrophages. The results of most studies have suggested that macrophages are promoters of tumors and this pro-tumor effect is mediated by the M2 macrophage [@b0115]. This concept is supported by the fact that M2 macrophages can cause dysregulation of the T cell receptor signaling pathway and activate cytotoxic CD8 T cell activity by secreting immunosuppressive factors, such as arginase-1, TGF-β, and IL-10 [@b0120], [@b0125], [@b0130], [@b0135]. Additionally, Ye et al. demonstrated that TAMs could promote the progression of PDAC by facilitating the Warburg effect, in which both cytokines and the microenvironment are involved [@b0140]. Some studies have determined that M1 macrophages can active inflammatory responses and induce the death of tumors by secreting pro-inflammatory cytokines, such as IL-12, IL-16, and INF-γ [@b0145], [@b0150]. However, in contrast to M1 and M2 macrophages, as far as we know, no studies have evaluated the interaction between M0 macrophages, the precursors of M1 and M2, and pancreatic cancer cells. The results of the present study suggest that M0 macrophages accumulate in the tumor tissues and their presence can be used to predict a poor patient outcome. Thus, eliminating the M0 macrophages might be a promising strategy to fight against PDAC. However, additional studies are necessary to evaluate the mechanism of how M0 macrophages decrease the survival of patients. Is this dependent on the conversion of M0 to M2 or is there a direct interaction between M0 macrophages and tumor cells?

Naive CD4 T cells might be another promising target for the treatment of PDAC. This is supported by the present study and previous studies [@b0155], [@b0160], [@b0165]. For example, Pan et al. reported that naive T cells could convert into tumor-specific Tregs cells, in the presence of myeloid-derived suppressor cells, and support the survival of tumor cells in stressful tumor environments [@b0160].

This study suggested that activated dendritic cells (DCs), the antigen-presenting cells in the innate immune system, were also infiltrating the tumor tissues. Notably, the role of DCs in pancreatic cancer is still contradictive. Leone et al. suggested that DCs can present antigens to CD8 T cells and stimulate the CD8 effector memory population to secrete IFN-γ, which exerts an antitumor activity [@b0170]. However, DCs can also promote immune evasion of tumors cells. For example, Argentiero et al. reported that the level of DCs is significantly higher in PDAC patients with metastatic lymph nodes, and these DCs can upregulate the immunosuppressive WNT pathway [@b0175]. This might be the reason why dendritic cells can promote tumor metastasis and immune evasion of cancer cells [@b0175], [@b0180], [@b0185], [@b0190].

The role of gamma delta T cells in cancer in cancer is also contradictive. It has been reported that gamma delta T cells could secret IFN-γ, which inhibits tumor progression [@b0195]. Interestingly, the results of the present study suggest that gamma delta T cells are associated with a poor prognosis of pancreatic cancer. This is supported by many studies, which reported that gamma delta T cells can promote angiogenesis and tumor cell growth [@b0200], [@b0205], [@b0210]. The contradictive role of dendritic cells and gamma delta T cells suggest that targeting these immune cells might not always benefit the patients. Additional studies are needed to explore the interaction between these cells and PDAC cells. This will help to provide a basis for novel therapeutics of PDAC.

Notably, our findings have two clinical implications: First, measuring the levels of infiltrating M0 and activated dendritic cells might improve the diagnosis of PDAC. Second, stratifying patients according to their immune score, which is determined from the levels of M0 macrophages, gamma delta T cells and naive CD4 T cells, might help clinicians determine which patients can benefit from immune therapy. However, even though the other immune cells were excluded from the Cox proportional-hazards model, and the immune score showed a promising performance for predicting the survival of patients. The interaction among tumor cells and the immune system which is consists of various innate and adaptive immune cells, are complex and other factors may be also involved in these interaction. For example, Leone et al. demonstrated that endothelial cells could act as antigen presenting cells to stimulate the central memory CD8 T cell population, which exhibits pro-tumor activity via the production of IL-10 and TGF-β [@b0170]. Also, the GSEA suggested that some genes involved in chemotaxis, such as *CXCL9, CXCL10, CXCL11, CXCL13, CCL15, CCL17, CXCR2,* and *CXCR6*, are involved in the regulation of tumor progression. This suggests that targeting one type of immune cell or chemotaxis may not be sufficient for treating PDAC.

When interpreting the results of this study, it should be kept in mind that although CIBERSORT is one of the best in silico approaches to date, CIBERSORT evaluates the immune cell infiltration into tissues and assumes that these cells have the same gene expression profile as the immune cells in peripheral blood [@b0215]. Besides, the limitations of the TCGA database should also be taken into account: First, samples in which the cell nuclei were less than 60% were excluded by the pathologist [@b0215]. This might lead to the removal of many immune-infiltrated tumors from the analysis. Second, although we have tried our best to review the gene expression profiles systematically, this study is restricted since the analyses did not include data from genome-wide molecular assays. In addition, this is a retrospective study, and therefore, the results might be influenced by reporting bias [@b0215].

In conclusion, this study suggested that the levels of M0 macrophages and activated dendritic cells in the tissue of PDAC were significantly higher than in *para*-tumor tissues, while the levels of naive B cells in the PDAC tissue was significantly decreased. We showed that the percentage of M0 macrophages and activated dendritic cells could distinguish PDAC from non-PDAC. This implies that M0 macrophages and activated dendritic cells may be valuable markers for the diagnosis of PDAC. However, this finding needs further investigation. In addition, we observed that the presence of M0 macrophages, gamma delta T cells and naive CD4 T cells were independent prognostic factors of PDAC patients. An immune score, which was based on M0 macrophages, gamma delta T cells and naive CD4 T cells, could successfully stratify patients by survival time. This might help clinicians in choosing an optimal individualized treatment for PDAC patients. However, the diagnostic and prognostic utility of immune cells should be investigated by a further study, in which the scientists compare the amount of peripheral blood immune cells in pancreatic cancer patients and pancreatic or diabetes.
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